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AN EXPERIMENTAL INVESTIGATION OF THE RESTART AREA RATIO OF A

MACH 3.0 AXISYMMETRIC MIXED COMPRESSION INLET

by Glenn A. Mitchell and Robert W. Cubbison

Lewis Research Center

SUMMARY

Restart area ratios were obtained for the test inlet from Mach number 2.5

to 3.0 and compared to ratios from other inlets. All inlets restarted with

throat areas smaller than required by theory to pass the flow through a simple

normal shock at the cowl lip.

Details of the unstarted inlet flow field were obtained at Mach 3. The

unstarted inlet flow field was characterized by a separated region on the

centerbody causing an oblique shock ahead of the throat. The size of the

separated region was controlled by the inlet throat area, and the separation
terminated at the throat station. The restart throat area was smaller than

predicted because of the higher pressure recovery produced by the multiple
shock structure.

INTRODUCTION

Supersonic inlets with internal contraction are prone to "unstart" or

regurgitate the internal supersonic flow and establish subsonic flow in the

converging portion of the inlet. Restart of the inlet is accomplished by

increasing the throat to entrance area ratio or by increasing the entering

Mach number. Inlets utilizing a mixture of internal and external compression

have been observed to restart with less throat area than the theoretical min-

imum value required to pass the flow through a normal shock at the cowl lip as

predicted for one-dimensional flow in reference i. Such restarts are asso-

ciated with shock induced separation of the centerbody or compression ramp

boundary layer, and reference 2 surmises that the improved restart character-

istic is due to the increased pressure recovery produced by multiple shock

waves in the resulting flow field. Further details are lacking. The present

investigation was, therefore, undertaken to determine more of the details of

the unstarted inlet flow field during the restart cycle of an axisymmetric

mixed compression configuration.



APPARATUSANDPROCEDURE

Model and Configarations

The inlet used in this investigation was designed with the spike tip
oblique shock on the cowl lip at Machnumber 3.0, and employed a trans-
latable 20° half-angle cone for off-design operation and to restart the inlet.
At design conditions, 59 percent of the supersonic flow area contraction was
external and 41 percent was internal. Figure I is a photograph of the inlet
which had a 45.98 centimeter cowl lip diameter. The performance of this
inlet was reported in reference 3.

The internal cowl angles were designed to intercept and turn the cone
flow field toward the model centerline in two 12° steps. The resulting
oblique shocks were fonused on the model centerbody as shownin the bottom
illustration of figure 2. An abrupt turn of the centerbody at this shock

impingement point alined the surface with the local flow. A flush bleed slot

was located on the centerbody just forward of this impingement point to

remove the spike boundary layer. This bleed air was ducted overboard through

hollow support struts as shown in figure 2.

Instrumentation

In addition to the standard instrumentation for mass flow and pressure

recovery measurements (see ref. 3), six centerbody and cowl rakes were in-

stalled in the inlet aft of the cowl lip to determine pressure profiles of the

internal flow from cowl lip to throat. As shown in the schematic represen-

tation of figure 3, four of the rakes were in the converging portion of the

inlet and two were aft of the inlet throat. The rakes were not in a single

peripheral location as suggested by figure 3 but were located at various

circumferential positions to eliminate mutual interference. Both the center-

body and the inner surface of the cowl were instrumented with an axial row of

static pressure taps. The investigation was conducted in the Lewis i0- by

10-foot supersonic wind tunnel at a Reynolds number of 3.75xi06 based on the

inlet cowl lip diameter. Restart area ratios were determined at Mach numbers

from 2.5 to 3,0. Details of the unstarted inlet flow field were obtained at

Mach number 3.0 only.

RESULTS AND DISCUSSION

The area ratios at which the inlet restarted are presented in figure 4

as a function of the average local Mach number at the cowl lip station just

after restart. Data obtained from reference 2 and previously unpublished

data from the inlet of reference 4 are shown for comparison. Each area ratio

presented was computed from the geometric minimum area divided by the area

perpendicular to the flow streamlines between the cowl lip and the spike

surface. Because the average Mach number at the cowl lip station (rather

than the free-stream Math number) controls the theoretical limit of inlet

internal contraction 3 it is therefore the proper correlating parameter.

This local Mach number is a function of the free-stream Mach number and the



amount of external compression from the free-stream to the cowl lip. The
area ratio curve for the isentropic compression limit is shownfor comparison
on figure 4. Also shownis the curve of the theoretical one-dimensional flow
area ratio (ref. i) required to pass the flow (restart the inlet) following
a normal shock at the inlet cowl lip.

All of the inlets presented in figure 4 restarted at area ratios consid-
erably smaller than predicted by the normal shock values. As expected, a
consistent trend of lower starting area ratio with increased bleed was evi-
dent. The internal bleed flow at design conditions ranged from 0 to 6.3 per-
cent of the inlet capture mass flow. All of the bleed areas were in the
converging sections of their respective inlets. Figure 4 showsthat even
without bleed, the starting area ratio for all inlets would be clearly less
than the normal shock curve. For example, at a cowl Machnumber of 2.76, the
no-bleed inlet restarted at an area ratio of 0.595 rather than the normal
shock value of 0.737.

Observed Flow

In order to determine the cause of the observed discrepancy between
theoretical and actual starting area ratios, data were obtained on the un-
started test inlet during the restart cycle at the inlet design Machnumber
of 3.0. The restart point of the inlet in this instance is represented by
the dark symbol in figure 4. The slight increase in restart area ratio over
the other test data for this inlet was probably caused by a thicker center-
body boundary layer resulting from flow over a few circumferential slots
located near the spike tip. These slots were present during this particular
test but served no functional purpose for the results presented in this re-
port.

Schlieren photographs of the inlet restart cycle are presented in figure
5. Figure 5(a) is a photograph of the started inlet on design and figure 5(b)
shows the inlet unstarted at the samespike position. Figures 5(c) to (e)
depict the unstarted inlet at increasing spike extensions. The inlet was just
about to restart when the photograph shownin figure 5(e) Wastaken and a
slight spike extension to that shownin figure 5(f) restarted the inlet. Flow
separation on the cone surface was evident at all unstarted conditions. The
oblique shock from the separated region was initially forward of the cowl lip

(figs. 5(b) and (c)). As the spike was further extended, _he separated region

was reduced in size_ and at restart (fig. 5(e)), the oblique shock from the

separated region was well inside the cowl.

Enlarged photographs were used to determine that the oblique shock angle

from the separated region was about 35° relative to the cone surface. The

occurrence of separation is in agreement with the results of reference 5 in

that the calculated cone surface Mach number of 2.3 produces a normal shock

static pressure rise more than sufficient to induce flow separation. At this

Mach number, the separation static pressur_ ratio of 1.89 observed in refer-

ence 5 requires an oblique shock angle of 35.3 °, thereby corresponding closely

to that measured from the photographs.
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Profiles of the inlet flow field from the cowl lip aft to the throat
were composedfrom measurementsby the inlet total pressure rakes, the cowl
and spike static pressures, and the schlieren photographs of figure 5. These
profiles are presented in figure 6. Wall static and rake total pressures are
all ratioed to free-stream total pressure, and lines of constant pitot pres-
sure are indicated. The region of separated flow was defined as that con-
taining pitot pressures lower than the highest measuredspike static pres-
sure. Figure 6(a) shows the inlet operating supercritically at the design
spike position and corresponds to figure 5(a). The cone flow field was
turned 12° by the initial internal cowl angle. The second cowl turn of 12°
was placed relative to the first so that both of the resulting shocks
impinged on the centerbody at the aft edge of the bleed slot. The increase
in cowl static pressures following each turn resulted from three-dimensional
flow effects.

Figures 6(b), (c), and (d) showthe inlet unstarted at successive spike
extensions and correspond respectively to figures 5(b), between 5(c) and (d),
and 5(e). Because of the forward movementof the cone shock with spike exten-
sion, it is not illustrated in figures 6(c) and (d). With the inlet unstarted
at the design area ratio (fig. 6(b)) the flow was characterized by a massive
separated region (reverse flow region) which produced an oblique shock lying
forward of the cowl lip and coalescing with the cone oblique shock. The
separated region was reattached at the inlet throat at this spike extension
and throughout the unstar_ed portion of the restart cycle. Above the sepa-
rated region was a region of turbulent mixing. It is the edge of this region
that is seen in the schlieren photographs of figure 5. Shrinkage of the
separated region with spike extension (as was noted in the photographs of
fig. 5) is seen in figure 6 to result in a reduction in the amountof flow
that passed through the separation-induced oblique shock.

Analysis of ObservedFlow

Forward of the cowl li_. - The theoretical flow patterns presented in

figure 7 were based on the unstarted flow profiles of figure 6 and used the

computed cone surface Mach number of 2.3 with the measured oblique shock

angle to compute the subsequent flow regions. Without static pressure probes

to determine the subsonic Mach numbers, it was assumed that the flow in

region All as well as A I (see fig. 7) attained subsonic speeds through a nor-

mal shock. Figure 7 is intended to be illustrative of the latter portion of

the restart cycle wherein the separation-induced oblique shock tended to fall

inside the inlet cowl. The point of separation shown in figure 7 was chosen

to be between that of figures 6(c) and (d). There are three separate flow

regimes entering the inlet pictured. An ii ° region of separated flow iies on

the cone surface. This region creates a 35° oblique shock aft of which is a

Mach number 1.85 region. A subsequent normal shock produces a subsonic Mach

number of 0.606 with a relatively high overall total pressure recovery (P/P0)
of 0.72. Above the 35 ° shock, the undisturbed local flow passes through a

single normal shock to a subsonic Mach number of 0.534 with a lower recovery

(P/Po) of 0.54. The theoretical pressure recoveries of 0.72 and 0.54 are in

good agreement with the measured values which averaged about 0.75 and 0.55

(figs. 6(c) and (d)). The throat area required for each unit mass rate of



flow is inversely proportional to its total pressure recovery. Therefore, a
unit rate of flow from the higher recovery, multiple shock region required

only 0.54/0.72 x i00 percent or 75 percent of the throat area necessary to

pass a unit rate of flow from the lower recovery, single shock flow field.

Aft of the cowl lip. - Because of the existence of two regions of dis-

similar total pressure in the unstarted inlet (figs. 6(c) and (d)) both

streams could not have been sonic at the geometric throat. The static pres-

sures shown at the throat in figures 6(c) and (d) suggest that the upper

region is sonic and the lower is supersonic, Evidently, the concept of a

simple sonic throat is not an adequate description of the choking mechanism.

Inasmuch as the area required to pass the flow of both streams would vary

with the static pressure level_ a series of computations were made to deter-

mine the static pressure level which would yield a minimum area. The variation

of A/A* across the throat was determined from the static to total pressure
ratio obtained from the measured total pressure profile of figure 8(d) and an

assumed thuiform static pressure across the duct. From the variation of A/A*

across the throat an average value of A/A* was determined for each assumed

throat static pressure. Results are presented in figure 8, The static pres-

sure providing the minimum average A/A* (0.315 P0 ) was near the measured

throat static pressure levels and the corresponding area was only 1.3 percent

greater than that required by sonic flow in both streams.

Although the inlet geometric throat was not choked in the normal sense,

it, nevertheless, appeared to be controlling the unstarted flow field. Under

these conditions, the separated flow was observed to be stable and therefore

amenable to measurement. As previously noted from figure 6, the separated

region reattached at the inlet throat. This fact, coupled with a knowledge

of the point and angle of flow separation, would define the shape and size of

the separated region. Although the size of the separation (and the separation

point) varied with spike extension, the flow area at the cowl lip station

(between the separation zone and the cowl lip as observed from figs. 6(a), (b),

and (c)) seemed to be a function only of the inlet throat area. Figure 9

corroborates the observations of figure 6; the size of the separated region

at the cowl lip shrank with spike extension in such a manner that the geo-
metric throat-to-cowl flow area ratio remained essentially constant at about

0.80. Thus the size of the separated region appeared to be controlled by the

inlet geometric contraction ratio (Amin/Acowi) with the rear contour of the

region being similar in shape to the internal cowl contour. No specific

reason is evident as to why the flow area ratio tended to maintain a ratio of

0.80; but this value is betwee_ the normal shock restart area ratioj A*/A,

of 0._5 and 0.78 for the two flow regimes entering the inlet.

Because the throat to cowl flow area ratio was nearly constant, the fol-

lowing simple technique could be used to approximate the surface of the sep-

arated region at any unstarted spike extension:

(i) The extent of the separated region at the cowl lip station is ob-

tained by constructing a cowl lip flow area equal to 1/0.8 (or 1.25) Amin,

using the cowl lip as the outer boundary.



(3) The reattachment is a faired line downstreamfrom the cowl lip
station to the inlet throat.

The geometric inlet area ratios (Amin/Acowl) are presented in figure i0
for spike extensions from the design position out to that at which restart
occurred. The theoretical area ratios required to restart the inlet were
computedfrom flow field measurementsfor various spike positions and are also
shownin figure i0. These calculations were adjusted for the estimated slot
bleed of seven percent mass flow during the unstart cycle. The theoretical
inlet entrance (or cowl lip station) flow conditions used in the calculations
were those pictured in figure 7 for the two flow regimes. For spike positions
from design out to an extension of 0.88 inlet diameter, the separation-
induced oblique shock was forward of the cowl lip and all the flow dictating
the theoretical starting area ratio passed through the oblique shock. With
further spike extension, the shock retracted inside the cowl lip allowing the
flow field above this oblique shock to enter the inlet. The area ratio
necessary for restart then becamea function of the two flow fields. The
division of the flow regimes at the cowl lip was determined for purposes of
calculation from the experimental data of figures 5 and 6. The method of
calculating the theoretical (or required) area ratio is given in appendix B.

The geometric area ratio provided by the inlet (fig. i0) increased with
spike extension. However, at spike extensions above 0.88 the calculated area
ratio required to restart the inlet also increased because the overall pres-
sure recovery decreased as the spike was extended. This resulted because the
inlet was ingesting an increasingly larger proportion of the lower recovery
flow regime as the spike was extended. The required area ratio increased at
a slower rate than the inlet area ratio and restart occurred when the geo-
metric area ratio matched the required ratio at a value of 0.666. This was
well below the theoretical limit of 0.78 based on simple normal shock recov-
ery.

The required restart area ratio curve of figure i0 was based on a de-
tailed knowledge of the flow. Although the required restart area ratio was
as low as 0.575 at small spike extension ratios_ the corresponding geometric
area ratios provided by the inlet were less than the required ratios and thus
prevented restart. Enlarging the separated flow region by someartificial
meansat spike extensions greater than 0.88 would reduce the required starting
area ratio by increasing the overall pressure recovery. Restart might then
occur if the flow still reattached at the throat. Hence, the mechanical
adjustment of inlet geometry to effect a restart maybe simplified. However,
since the size and shape of the separated region appeared to be controlled by
the contraction ratio and internal inlet lines, artificial enlargement of the
separation to favorably affect the inlet restart characteristics seemsun-
likely to succeed.

SUMMARYOFRESULTS

Restart area ratios of a Much3.0 mixed compression-axisymmetric inlet
were obtained at Machnumbers from 2.5 to 3.0 and comparedto other inlet



SUMMARYOFRESULTS

Restart area ratios of a Mach3.0 mixed compression-axisymmetric inlet
were obtained at Machnumbers from 2.5 to 3.0 and comparedto other inlet
data. Detailed measurementsof the unstarted inlet flow field were madeat
Machnumber 3.0. The following results were obtained:

i. The test inlet plus other inlets from cited referenqes with either
zero or varying amounts of internal bleed restarted with throat areas smaller
than required to pass the flow through a simple normal shock at the cowl lip.
This occurred because shock-induced boundary layer separation, which was
observed on the centerbody of the test inlet at all unstarted flow conditions,

created a multishock system at the cowl lip capable of higher than normal

shock pressure recovery. Prior to restart, the inlet flow field was composed

of three regions: (a) a separated flow region on the compression surface,

(b) a region aft of the 35 ° oblique shock from the separated region, and (c)

the undisturbed cone flow field above the oblique shock. The flow passing

through the 35 ° oblique shock experienced greater total pressure recovery

than the flow in the cone flow field and required correspondingly less choked

throat area, thereby lowering the overall inlet starting area ratio.

2. The inlet throat controlled the size of the separated flow region so

that the region shrank as the spike was extended in such a manner that the

throat-to-cowl flow area ratio remained nearly constant at a value of about

0.80. This shrinkage of the separated region reduced the proportion of higher

recovery air entering the inlet and, thereby_ increased the required geometric

starting area ratio.

Lewis Research Center 3

National Aeronautics and Space Administration,

Cleveland_ Ohio_ December !8_ 1967,
720-03-01-62-22.
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APPENDIXA

Acowl

Acowl flow

Amin

Ath

d

M

Mcone

Mcowl

P

PO

Re

x

SYMBOLS

flow area at the cowl lip station bounded by the model geometry

flow area bounded by the cowl lip and the separated region

minimum internal flow area bounded by the model geometry

theoretical restart throat area

Inlet lip diameter

Mach number

cone surface Mach number

average cowl lip station Mach number

static pressure

free-stream total pressure

Reynolds number based on inlet cowl lip diameter

axial distance from spike tip to cowl lip



APPENDIXB

METHOD OF CALCULATING INLET RESTART AREA RATIO

The choked throat of the unstarted inlet controls the flow field upstream

to the terminal shock. Restart will occur when the throat of the unstarted

inlet will accept all of the flow from the supersonic field intercepted by

the cowl under started conditions. The required restart area ratios were

calculated for the measured flow fields shown in figure 6. Referring to

figure 7, the theoretical restart throat area was determined as the sum of the

two choked throat areas required to pass the flow through the measured cowl

lip station areas A I and All, The throat area for A I is obtained by

multiplying the measured AI by the A*/A for Mach 2.3 of 0.456 and dividing

by the normal shock pressure recovery for Mach 2.3 of 0,583; or_

O.456

Alth = 0.583 AI = 0.783 A I

For All , the measured area is again multiplied by the A*/A for Mach 2.3, but

is now divided by the pressure recovery of 0.772 across the separation-induced

oblique shock and the subsequent Mach 1.85 normal shock; or_

0.456
Alith - 0.772 All = 0.591 All

Therefore, the total required area is:

Ath = 0.783 A I + 0.591 AiI

The throat area was modified for the estimated bleed mass flow of 0.07 by

multiplying the theoretical restart throat area by 0.93. Therefore, the

required minimum restart area ratio plotted on figure i0 is:

Amin = 0.93 Ath
Acowl Acowl

This method does not account for the fact that the two streams would choke at

different static pressures. This addition to the calculations would increase

the minimum area only 1.3 percent in this case. The required restart area

ratio calculated by the present method agreed well with the actual restart

value of 0.666.
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Figure i. - Photograph of model with spike at design position.
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Figure 2. - Model details. (All dimensions in centimeters.)
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Figure 3. - Inlet total pressure rakes.
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(a) Inlet started;

A min/A cowl = . 502;

spike extension, x/d =

(b) Inlet unstarted;

A min/A cowl = . 502;

• 862. spike extension, x/d = .862.

(c) Inlet unstarted;

A min/A cowl = . 561;

spike extension, x/d =

(d) Inlet unstarted;

A min/A cowl = .631;

.896. spike extension, x/d = . 930.

(e) Inlet unstarted;

A min/A cowl = .662;

spike extension, x/d =

C-67-440Z

(f) Inlet started;

A min/A cowl = . 666;

• 943. spike extension, x/d = . 945.

Figure 5. - Schlieren photographs of inlet re start cycle at Mach number 3.0.
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Figure 10. - Inlet area ratio variation with spike extension at Mach
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Figure 7. - Theoretical flow patterns of the unstarted inlet.
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